The Msi1-like (MSIL) proteins belong to a subgroup of the large family of WD40 repeat proteins. The WD40 repeat domain consists of about 40 amino acid-conserved motifs terminating in a Trp-Asp (WD) dipeptide. WD40 repeat domains form a β-propeller structure that mediates a plethora of protein-protein interactions \[[@B1]\]. The fact that MSIL proteins have been discovered in diverse eukaryotes, ranging from yeasts to humans, but not in prokaryotes indicates that they have eukaryote-specific functions \[[@B2]\]. Among plants, thale cress (*Arabidopsis thaliana*) contains five MSIL proteins (MSI1-5), and rice (*Oryza sativa*) has three MSIL proteins (OsRBAP1-3). In vertebrates, two copies of MSIL proteins are usually found, such as RbAp48 and RbAp46 in humans, mice, chickens, and zebra fish. In fungi, one or two copies of MSIL proteins are usually found. A review by Hennig et al. \[[@B2]\] provides detailed information on the phylogenetic diversification of MSIL proteins.

MSIL proteins have multifunctional roles in histone binding, nucleosome/chromatin assembly and modification, DNA damage repairs, and regulation of signaling pathways. Because MSIL proteins have no catalytic functions, their roles are mainly mediated as adaptors or regulators. Although MSIL proteins have crucial roles in basic cellular functions and genome architecture in mammalian cells, they do not appear to be essential for cell growth in fungi. There are some exceptions, however, including one of the two MSIL proteins in *Schizosaccharomyces pombe*, Mis16, which is essential for viability because it is required for kinetochore assembly during mitosis \[[@B3]\].

In humans, two MSIL proteins, RbAp46/48 (retinoblastoma protein \[pRB\]-associated proteins 46/48), alone are able to interact directly with helix 1 of histone H4 not yet assembled to the chromatin \[[@B4]\]. By interacting with two larger components, an MSIL protein forms a heterotrimeric complex called chromatin assembly factor 1 (CAF-1), which assists in assembling the tetramers of two histone H3-H4 dimers on newly synthesized DNA to form nucleosomes. In addition, the MSIL proteins interact with histone modification enzymes, such as histone deacetylases (HDACs), acetyltransferases, and methyltransferases (see review \[[@B2]\]). Additionally, the mammalian MSIL proteins serve as a co-repressor for the pRB, a well-known tumor suppressor, by repressing the transcription of E2F target genes \[[@B5]\]. pRB can carry out transcriptional repression by recruiting HDACs \[[@B6]-[@B11]\].

MSIL proteins also have been studied extensively in plants, particularly *Arabidopsis thaliana*. Among the five *Arabidopsis* MSIL proteins \[[@B12]-[@B14]\], *MSI2* and *MSI3* are related genes, although their functions are not yet known. *MSI4* and *MSI5* are also related genes, and *MSI4* is an allelic gene of *FVE*, which functions in the autonomous floral inductive pathway \[[@B15], [@B16]\] responsible for suppressing the floral repressor Flowering Locus C (*FLC*) \[[@B17]\]. Therefore, *fve* mutants exhibit delayed flowering behavior by increasing *FLC* expression \[[@B17]\]. Like other MSIL proteins, *Arabidopsis* MSI1 can be a part of several protein complexes. In particular, MSI1 is a subunit of the fertilization independent seed (FIS)-Polycomb repressive complex 2 (PRC2) complex consisting of FIS1 (MEDEA), FIS2, and FIS3 (FIE), which controls seed development and parental imprinting \[[@B18]\]. Additionally, MSI1 physically interacts with the CUL4-DDB1 complex, which regulates embryo formation and has a role in maintaining parental imprinting of MEDEA \[[@B19]\]. Thus, MSI1 is also associated with *Arabidopsis* CAF-1 \[[@B20], [@B21]\] and the retinoblastoma-related protein RBR1 \[[@B12], [@B22]\]. Furthermore, transcriptome profiling of *msi1-cs* (cosuppression line) plants reveals that abscisic acid-responsive genes (osmotic and salt stress-related genes) are upregulated in *msi1-cs*, suggesting a novel role of *MSI1* for negative regulation in response to drought stress \[[@B23]\].

Despite their pleiotropic roles in multicellular, complex eukaryotes, knowledge of fungal MSIL proteins has largely stemmed from studies of MSIL proteins in the budding yeast model *Saccharomyces cerevisiae*, an ascomycete. Information about the functions of MSIL proteins in other fungi is quite limited, except for a recent publication about the role of MSIL protein Msl1 in the human fungal pathogen *Cryptococcus neoformans*, a basidiomycete \[[@B24]\]. Interestingly, this report showed that the MSIL protein in *C. neoformans* also has pleiotropic roles and yet appears to have a rather different regulatory mechanism from that of the MSIL proteins in *S. cerevisiae*. This finding raises the possibility that the functions and regulatory mechanisms of MSIL proteins are diverse throughout the fungal kingdom despite their evolutionary conservation. Several excellent reviews of MSIL proteins or WD40-repeat proteins are available \[[@B1], [@B2], [@B25]-[@B29]\]. In this review, we focus mainly on describing the functions of MSIL proteins in model yeasts and pathogenic fungi to discuss their potential as novel therapeutic targets.

FUNGAL MSIL PROTEINS AS COMPONENTS FOR THE CAF-1 AND HISTONE-MODIFYING COMPLEX
==============================================================================

The primary function of two MSIL proteins, Cac3 (also known as Msi1) and Hat2, in the non-pathogenic model yeast *S. cerevisiae* is the assembly and modification of histones ([Fig. 1](#F1){ref-type="fig"}) \[[@B30]\]. During cell division, newly replicated DNA is rapidly assembled into the chromatin, which consists of repeating units of nucleosomes. A single nucleosome is deposited with a tetramer of histone H3 and H4 followed by the addition of two dimers of the histones H2A and H2B. *S. cerevisiae* contains three CAF-1 proteins, designated Cac1 (also known as Rlf2; Rap1p localization factor 2), Cac2, and Cac3/Msi1, which correspond to the human CAF-1 proteins p150, p60, and p48, respectively. CAF-1 helps in the binding of histone H3 and H4 onto newly synthesized DNA during chromosome replication or onto recently repaired DNA sites after DNA damage by directly interacting with proliferating cell nuclear antigen, which is a DNA polymerase processivity factor \[[@B31]-[@B33]\]. Therefore, deletion of any of the *CAC* genes causes increased susceptibility to DNA damaging agents, such as UV irradiation, methyl methanesulfonate (MMS), and hydroxyurea (HU) \[[@B34]\]. Despite the seemingly essential role of the CAF-1 complex, deletion of any or all of these genes does not cause lethality, indicating that other chromatin assembly factor(s) exists \[[@B31], [@B35]\]. In fact, another chaperone for histones H3 and H4 is the replication-coupling assembly factor (RCAF) complex, which consists of anti-silencing function 1 (Asf1) and acetylated H3 and H4 histones \[[@B36]\]. It is known that RCAF and CAF-1 act synergistically for chromatin assembly by interacting with newly synthesized DNA during both DNA replication and DNA damage repair \[[@B36]\]. Expectedly, the *asf1*Δ *cac1*Δ double mutant grows much more poorly than does either mutant alone \[[@B36]\]. After DNA damages are repaired, CAF-1 and Asf1 work together to recover the normal chromatin structure at the repair sites and deactivate the checkpoint proteins to stop the double-strand break response \[[@B37]\].

In addition, CAF-1 is required to maintain heterochromatin gene silencing at telomeric sites and at the mating type locus ([Fig. 1](#F1){ref-type="fig"}) \[[@B38]\]. For this position-dependent gene silencing, Asf1 also has been implicated because double deletion of *CAC1* and *ASF1* synergistically reduces heterochromatin gene silencing \[[@B36]\]. Asf1 requires interaction with histone regulatory (Hir) proteins, which are involved in nucleosome formation and heterochromatin gene silencing \[[@B39]\]. Therefore, loss of both the functional CAF-1 complex and the Hir proteins leads to increased chromosome missegregation, increased mutation in kinetochore protein genes, and altered centromeric chromatin structures \[[@B40]\].

Compared with *CAC1* and *CAC2*, whose expression is differentially regulated during cell cycle progress, *CAC3* expression is largely constant during the cell cycle \[[@B41]\]. In CAF-1, Cac1 physically interacts with Cac2 and Cac3 separately, whereas Cac2 and Cac3 do not interact with each other \[[@B42]\]. Interestingly, Cac1 is usually co-purified with Cac2 and Cac3, but Cac3 is not always purified with Cac1 or Cac2, suggesting that Cac3 has other cellular roles or interaction partners \[[@B43]\]. Cac1 was independently identified as one of the Cac3/Msi1-interacting proteins through yeast two-hybrid screening with Cac3 as the bait protein \[[@B44]\]. Interaction between Cac1 and Cac3 does not require Cac2 \[[@B44]\]. Furthermore, Cac3 localizes to both the nucleus and the cytoplasm, whereas Cac1 primarily localizes to the nucleus \[[@B45]\].

*S. cerevisiae* contains a second MSIL protein, Hat2, which is a core component of histone acetyltransferases (HATs). Hat2 is the regulatory subunit of the yeast HAT-B (type B HAT) complex composed of Hat1 and Hat2 in the cytoplasm that acetylates newly synthesized histones. In the nucleus, the HAT-B complex further interacts with Hat1p-interacting factor 1 (Hif1), causing the Nub4 (nuclear type B HAT; Hat1-Hat2-Hif1) complex to mediate the DNA repair-linked chromatin reassembly process ([Fig. 1](#F1){ref-type="fig"}) \[[@B46], [@B47]\]. In contrast, another HAT family, the HAT-A (type A HAT) complex, localizes in the nucleus, where the complex acetylates histones in a chromatin context to facilitate transcriptional activation \[[@B48]\]. Hat1 is the catalytic subunit of the HAT-B complex and acetylates H4 on lysine residues 5 and 12 \[[@B49]\]. Hat1, which is not an MSIL protein, is involved in histone deposition, nucleosome formation, and chromatin assembly during the progression of DNA replication, and it is required for histone modifications during DNA repair \[[@B50], [@B51]\]. Hat2 has an adaptor role between the Hat1 and Hif1 proteins and is responsible for the high affinity binding of Hat1 to histone H4, while Hif1p is a histone chaperone \[[@B47]\]. In the absence of either Hat1 or Hat2, no growth deficiencies have been reported \[[@B51]\]. Hat1 and Hat2 are involved in telomeric silencing \[[@B50]\]. Notably, however, in transcriptome analysis, *hat1*Δ and *hat2*Δ mutants exhibit distinct transcriptional patterns in yeast cells \[[@B52]\]. In addition, deletion of *HAT2*, but not *HAT1*, expands the chronological lifespan of yeast \[[@B52]\], providing further support for the suggestion that Hat1 and Hat2 do not have completely overlapping functions in the cell. Recently, the genetic interaction of the Hat1-Hat2 complex with origin-recognition complex, which is required for the initiation of chromosomal DNA replication, has been identified \[[@B53]\].

Besides studies in *S. cerevisiae*, a single study by Yang et al. \[[@B24]\] has investigated the role of an MSIL protein in *C. neoformans*, which is a basidiomycetous fungus that causes fatal meningoencephalitis in both immunocompromised and immunocompetent individuals. A single gene (CNAG_03297.2) called MSI1-like gene 1 (*MSL1*) was identified as the closest *Cryptococcus* ortholog to both the yeast Msi1 and Hat2. Similar to the yeast Cac3/Msi1, Msl1 also appears to promote resistance to DNA damaging agents, such as UV irradiation, HU, and MMS, indicating that Msl1 may also have a role as a component of the CAF-1-like complex in *C. neoformans* ([Fig. 1](#F1){ref-type="fig"}) \[[@B24]\]. As further evidence in support of this idea, Msl1 localizes to both the cytoplasm and nucleus but is more enriched in the nucleus \[[@B24]\]. Furthermore, the Cac2 ortholog of the CAF-1 complex was identified in *C. neoformans*, and its deletion mutant (*cac2*Δ) shows hypersensitivity to genotoxic agents such as the *msl1*Δ mutant \[[@B24]\]. Despite the presence of the conserved Msl1 (Cac3 ortholog) and Cac2, rather unique features have been discovered in the CAF-1 components in *C. neoformans*. First, *MSL1* does not functionally complement the yeast *CAC3* (unpublished data by Y.-S. Bahn). Second, *Cryptococcus* does not contain an obvious Cac1 ortholog, which is a key CAF-1 protein that interacts with both Cac2 and Msi1/Cac3. It is conceivable that *Cryptococcus* may have a structurally distinct Rlf2/Cac1-like protein, which might have unique interfaces that interact separately with Msl1 and Cac2. This may explain why Msl1 cannot be substituted for Msi1 in *S. cerevisiae*. To investigate the function of CAF-1 in *Cryptococcus*, an Rlf2/Cac1-like protein must be identified and functionally characterized with relation to Cac2 and Msl1 in *C. neoformans*.

FUNGAL MSIL PROTEINS AS REGULATORS OF THE NUTRIENT- AND STRESS-SENSING SIGNALING PATHWAYS
=========================================================================================

Between the two MSIL proteins, Msi1/Cac3 appears to have additional cellular roles besides its function in histone and chromatin assembly and modification. In fact, Msi1 was first identified as a negative regulator of the Ras/cAMP pathway in *S. cerevisiae* because it was screened as multicopy suppressors of the *ira1*Δ mutation \[[@B54]\]. The Ras/cAMP pathway is a nutrient-sensing signaling pathway required for the growth, stress response, and differentiation of *S. cerevisiae* ([Fig. 2](#F2){ref-type="fig"}) \[[@B55]\]. Under certain environmental stresses, the Cyr1/Cdc35 adenylyl cyclase produces cAMP, which binds to Bcy1, the regulatory subunit of protein kinase A (PKA), and releases the catalytic subunit PKA (Tpk1/Tpk2/Tpk3) from Bcy1. The released Tpk proteins regulate downstream transcription factors to respond to environmental stresses \[[@B56]\]. The cAMP pathway is negatively controlled by feedback regulation from phosphodiesterase (Pde) 1 and Pde2 \[[@B57], [@B58]\]. Upstream of Cyr1, two bifurcated signaling branches exist: a heterotrimeric GTP-binding protein (G-protein) and small G-protein Ras. Ras1 and Ras2 are activated by Cdc25 guanine nucleotide exchange factor, which enhances the replacement of GDP with GTP \[[@B59]\]. Ira1 and Ira2, which are GTPase-activating proteins, negatively control Ras activation, in contrast to Cdc25 \[[@B60]\]. Alternatively, a G-protein coupled receptor (GPCR) associated with a heterotrimeric G-protein complex (Gα, Gβ, and Gγ) receives signals, such as glucose addition, and undergoes conformational changes with the release of the active GTP-binding form of the Gα subunit \[[@B61], [@B62]\]. Activated Ras or Gα subunit activates Cyr1/Cdc35 adenylyl cyclase directly and subsequently controls PKA ([Fig. 2](#F2){ref-type="fig"}) \[[@B55], [@B63]\].

The multicopy expression of *MSI1* inhibits the phenotypes of *ira1* mutation-mediated Ras over-activation, such as heat-shock sensitivity \[[@B54]\]. Interestingly, overexpression of human RbAp48 can also suppress the over-activated Ras/cAMP pathway in *S. cerevisiae* \[[@B64]\]. The mechanism of how Msi1 regulates the Ras/cAMP pathway, however, has not been completely elucidated ([Fig. 2](#F2){ref-type="fig"}). The step at which Msi1 works in the cAMP-signaling pathway was originally proposed to be upstream of PKA because *MSI1* overexpression suppresses heat-shock sensitive phenotypes caused by the *ira1*Δ or *RAS2^G19V^* mutation, but not by the *bcy1*Δ mutation \[[@B54]\]. Furthermore, the overexpression of *MSI1* decreases the intracellular cAMP levels induced by glucose addition, suggesting that Msi1 may regulate Ras1, like Ira1 or Cyr1 \[[@B54]\]. Due to the similar β-propeller structures, Ruggieri et al. \[[@B54]\] proposed that Msi1 is similar to the β-subunit of the G-protein. Nevertheless, the *msl1*Δ deletion mutant does not show any cAMP-related phenotypes, suggesting that other *MSI1*-like genes may exist \[[@B44], [@B54]\]. The role of Msi1/Cac3 as a negative regulator of the Ras/cAMP-signaling pathway is independent from the function of the CAF-1 complex because overexpression of *MSI1/CAC3* can still suppress the overactive phenotypes of the *RAS2^G19V^* mutant in the *cac1*Δ or *cac2*Δ mutant backgrounds \[[@B45]\]. Furthermore, functional Gpr1 (GPCR)/Gpa1 (Gα-subunit) signaling is dispensable for phenotypic recovery of the *RAS2^G19V^* mutant by *MSI1/CAC3* overexpression \[[@B45]\].

Nevertheless, a series of studies have been reported to show that Msi1 may work downstream of Cyr1. Overexpression of *MSI1* does not significantly affect intracellular cAMP levels or PKA activity in itself \[[@B44]\]. In addition, the heat-shock sensitivity caused by the deletion of two phosphodiesterase genes, *PDE1* and *PDE2*, can be suppressed by the overexpression of *MSI1* even in the presence of increased intracellular cAMP levels, but not in the *bcy1*Δ mutant \[[@B44]\]. These data suggest that Msi1 may work downstream of PKA, but in a Bcy1-dependent manner. In efforts to identify the Cac3/Msi1-interacting proteins, Johnston et al. \[[@B45]\] performed yeast two-hybrid screening with *CAC3/MSI1* as the bait and identified the nitrogen permease reactivator 1 (*NPR1*) gene, which encodes a Ser/Thr protein kinase. It appears that the Npr1 kinase, which is one of the positive PKA targets, is normally sequestered and inactivated by Msi1. Upon release from Msi1-mediated inhibition, the activated Npr1 can phosphorylate and stabilize a number of nutrient transporters, such as Gap1 (a general amino acid permease) \[[@B65]\] and Mep2 (an ammonium permease) \[[@B66]\], which otherwise is normally degraded by the ubiquitin-mediated proteasome ([Fig. 2](#F2){ref-type="fig"}) \[[@B44], [@B45]\]. In a supportive finding, the phenotypic restoration caused by *MSI1* overexpression in the *RAS2^G19V^* mutant is inhibited by the overexpression of *NPR1*, and ubiquitin overexpression can suppress the *RAS2^G19V^* mutant \[[@B45]\]. Another piece of supporting evidence for this working model is that the expression of the target genes downstream of the Ras/cAMP pathway, such as *TPS1* and *HSP104*, is not affected by *MSI1* overexpression, which indicates that Msi1 may negatively regulate the Ras/cAMP pathway by controlling protein degradation, possibly through Npr1 and ubiquitination rather than through transcriptional regulation of target genes.

In addition, Msi1 has mutual interdependence with yet another kinase 1 (Yak1), which is a dual-specificity tyrosine-regulated protein kinase that antagonizes the Ras/cAMP pathway of *S. cerevisiae* ([Fig. 2](#F2){ref-type="fig"}) \[[@B42]\]. *YAK1* was initially identified as a gene whose deletion rescues the growth defect caused by the loss of the cAMP-dependent PKA function or Ras function \[[@B67]\]. In other reports, it was proposed that PKA directly phosphorylates the Yak1 kinase *in vitro* \[[@B68]\] and indirectly activates transcription of the *YAK1* gene, suggesting that Yak1 antagonizes the Ras/cAMP signaling with an autoregulatory loop \[[@B69]\]. Yak1 has additional functions in regulating several cellular processes. In the absence of *YAK1*, strong pseudohyphal growth induced by either constitutive over-activation of Ras or catalytic subunits of PKA appeared to be blocked \[[@B70]\]. Indeed, the *yak1*Δ mutant shows 50- to 100-fold enhanced sensitivity in response to heat-shock, which was also observed in strains with low PKA activity \[[@B71]\]. This heat shock sensitivity is suppressed by overexpression of *MSI1* or deletion of *NPR1*, which implies that Npr1 sequestration by Msi1 regulates the downstream targets of the Ras/cAMP pathway in a Yak1-dependent manner \[[@B42]\]. Additionally, the interaction between Msi1 and Cac1 for the formation of the CAF-1 complex requires Yak1 \[[@B42]\]. Therefore, it is possible that the deletion of *YAK1* could release Msi1 from CAF-1, which subsequently sequesters Npr1 to inactivate the Ras/cAMP signaling ([Fig. 2](#F2){ref-type="fig"}). However, the interaction of either Cac1-Cac2 or Msi1-Npr1 occurs in a Yak1-independent manner. Yak1 affects the subcellular location of Msi1 as well as the interaction of Msi1 with Cac1. Msi1 is normally localized in both the cytoplasm and nucleus when the cells were grown with a fermentable carbon source (e.g., glucose), and this localization is Yak1-independent. Under the growth condition with non-fermentable carbon sources (e.g., glycerol or ethanol), however, Msi1 accumulates in the nucleus, and this nuclear accumulation is blocked by overexpression of *YAK1* \[[@B42]\]. In contrast to the Yak1-dependent regulation of Msi1, Yak1 itself also appears to be controlled by Msi1. Yak1 negatively regulates the cell growth of *S. cerevisiae*, and the overproduction of *YAK1* thereby arrests the cell cycle. The cell growth defect caused by an excess of *YAK1* is diminished in the *msi1*Δ mutant, whereas deletion of *CAC1* does not restore the growth defect by *YAK1* overexpression; this indicates that Yak1 has a role in cell growth in an Msi1-dependent manner but in a CAF-1-independent manner \[[@B42]\]. Therefore, Msi1 and Yak1 mutually control each other.

The functions and regulatory mechanisms of Msl1 in the Ras and cAMP/PKA signaling pathways of *C. neoformans* are somewhat different from those of the yeast Msi1 ([Fig. 2](#F2){ref-type="fig"}). In fact, the Ras and cAMP/PKA-signaling pathways are not strongly connected in *C. neoformans*, as they control distinct cellular features. The cAMP/PKA pathway positively controls two major virulence factors of *C. neoformans*, the polysaccharide cell surface capsule and antioxidant melanin pigment and sexual differentiation (see reviews \[[@B72], [@B73]\]). In contrast, the Ras-signaling pathway does not significantly control capsule and melanin biosynthesis, but it affects sexual differentiation (see reviews \[[@B72], [@B73]\]). Instead, the Ras-signaling pathway has a major role in controlling growth at high temperatures, including the host physiological temperature (37℃) \[[@B74]\]. In a supportive finding, transcriptome profiles between *ras1*Δ and cAMP-signaling mutants have been found to be quite different in *C. neoformans* \[[@B75]\]. Msl1 mainly acts independently from the Ras signaling pathway in *C. neoformans*. Msl1 has pleiotropic roles in diverse stress responses. Similar to the *ras1Δ* mutant, the *msl1Δ* mutant shows increased susceptibility to high temperature and membrane destabilizers, such as sodium dodecyl sulfate, and the *msl1*Δ *ras1*Δ mutant shows even greater susceptibility \[[@B24]\]. In contrast, Msl1 is involved in other stress responses, such as oxidative and heavy metal stress responses, unlike Ras2. Therefore, it is likely that the Msl1 and Ras signaling pathways mainly control the stress response of *C. neoformans* independently. In contrast to the Ras-signaling pathway, the cAMP/PKA pathway is partly related to the Msl1-signaling pathway. Msl1 appears to negatively regulate the cAMP-signaling pathway in melanin production and sexual reproduction. Distinct from yeast Msi1, however, deletion of the adenylyl cyclase gene (*CAC1*) can completely abolish the effect of *MSL1* deletion, indicating that Msl1 may act upstream of Cac1 in the cAMP pathway \[[@B24]\]. Strangely, capsule production, which is known to be positively controlled by the cAMP pathway, is not affected by the *msl1*Δ mutation \[[@B24]\]. In conclusion, the role of the Msi1/Cac3-like protein as regulators of the nutrition- and stress-signaling pathways appears to be divergent among fungi.

FUNGAL MSIL PROTEINS AS DEVELOPMENTAL REGULATORS
================================================

In plants, MSIL proteins are known to repress genes involved in the developmental process and sexual reproduction. In *Drosophila*, the MSIL protein p55 is required for the repression of developmentally regulated dE2F2/RBF-target genes but not for proliferation-regulated E2F target genes \[[@B76]\]. Furthermore, expression of p55 is considerably higher in actively differentiating cells than in non-differentiating ones \[[@B77]\]. In fungi, also, several lines of evidence strongly suggest that MSIL proteins could be involved in the developmental process and morphological differentiation. In *S. cerevisiae*, expression of *MSI1* is greatly increased in meiotic division during sporulation \[[@B78]\], although the physiological meaning of this finding is not known. Msi1 serves as a co-repressor for pRB and helps recruit Rpd3 HDAC to pRB \[[@B79]\]. pRB controls differentiation as well as proliferation by repressing the target genes of the E2F transcription factor \[[@B79]\]. The role of Msi1 in the transcriptional repression of pRB is independent of its function as a component of the CAF-1 complex. In *C. neoformans*, deletion of *MSL1* significantly increases mating efficiency \[[@B24]\]. The repressing role of Msl1 in mating requires the functional components in the Ras or cAMP pathway because deletion of genes in these signaling pathways abolishes the enhanced mating effect by the *msl1Δ* mutation \[[@B24]\]. Taken together, the role of MSIL proteins in the developmental program and differentiation appears to be highly conserved in fungi.

MSIL PROTEINS AS TRANSCRIPTIONAL ACTIVATORS IN THE PRESENCE OF NON-FERMENTABLE CARBON SOURCES
=============================================================================================

Pratt and colleagues reported an additional interesting function of Msi1: a cryptic transcriptional activation activity in non-fermentable carbon sources in *S. cerevisiae* \[[@B42]\]. Surprisingly, Msi1 fused to the Gal4 DNA-binding domain exhibits one-hybrid activity (the ability of transcriptional activation) only in the presence of non-fermentable carbon sources (e.g., glycerol, ethanol, acetate, lactase, etc.), but not in the presence of fermentable carbon sources (e.g., glucose, fructose, etc.) \[[@B42]\]. This activity requres only Yak1 and not CAF-1 and Ras/cAMP/Npr1-signaling, whereas Yak1 alone is not sufficient for this Msi1 function. During growth of *S. cerevisia* on non-fermentable carbon sources, the total protein accumulation of Msi1 (not by transcriptional induction) and its nuclear localization both increase, whereas Msi1 localizes to both the cytoplasm and the nucleus during growth on glucose \[[@B42]\]. The accumulation of Msi1 protein does not require Yak1. Instead, Yak1 inhibits nuclear localization of Msi1, although Yak1 does not phosphorylate Msi1 \[[@B42]\]. The *in vivo* target genes regulated by Msi1 and other unknown co-factors under non-fermentable carbon conditions have not been discovered. Furthermore, it is still not known whether this carbon-source-regulated function of the MSIL protein is conserved in *C. neoformans* and other fungi.

MSIL PROTEINS IN OTHER FUNGAL PATHOGENS
=======================================

So far, the functions and regulatory mechanisms of MSIL proteins in fungi have been studied only in non-pathogenic *S. cerevisiae* and pathogenic *C. neoformans*. Most of the animal and plant fungal pathogens appear to have at least one MSIL protein, containing four to six intact WD40 repeats ([Fig. 3](#F3){ref-type="fig"}). In *S. cerevisiae*, Msi1 has seven WD40 repeats (six intact WD40), and the N-terminal and C-terminal domains have separate functions. The first four WD40 repeats are required for sequestration of Npr1 and suppression of Ras/cAMP signaling, whereas the last three WD40 repeats are required for interaction with Cac1 of CAF-1 and for the cryptic ability to activate transcription in the presence of non-fermentable carbon sources ([Fig. 3](#F3){ref-type="fig"}) \[[@B42]\]. Particularly, the latter functions of the Msi1 C-terminus require Yak1 \[[@B42]\]. Most MSIL-like proteins share certain features in common, such as the length of the amino acid sequences and the locus of the conserved WD40 repeats. Generally, the C-terminal WD40 domain structure is more conserved than the N-terminal WD40 domain structure, where less conserved WD40 motifs are often discovered. In addition, *C. glabrata* XP_448393 and *A. gossypii* NP_984338 have an extra-extended N-terminus compared with the others. This finding may indicate that the CAF-1 function of MSIL proteins could be more conserved among other fungi than their Npr1-sequestration function for suppressing Ras/cAMP signaling.

When the structural organization of the WD40 repeats of MSIL proteins in fungal pathogens were further compared, the following common features were discovered. First, all of the MSIL proteins in the fungal pathogens contain a starting WD40-like domain without a conserved terminal WD dipeptide at the N-terminus, unlike the *S. cerevisiae* Msi1 and human MSIL proteins ([Fig. 3](#F3){ref-type="fig"}). Second, the terminal WD40 domains always contain the conserved Trp or random amino acid (WX) motif ([Fig. 3](#F3){ref-type="fig"}). The MSIL proteins in fungal pathogens show a greater than 40% sequence identity to *C. neoformans* Msl1 (AEX_58661). Therefore, it seems that the general structural features of MSIL proteins in fungal pathogens are more similar to *C. neoformans* Msl1 than to *S. cerevisiae* Msi1. This structural similarity suggests a potential role for other MSIL proteins in fungal pathogenicity, based on the role of Msl1 in the virulence of *C. neoformans*.

POTENTIAL FOR MSIL PROTEINS AS NOVEL ANTIFUNGAL DRUG TARGETS
============================================================

The potential to exploit MSIL proteins as novel antifungal drug targets has been suggested by studies in *C. neoformans* \[[@B24]\]. A strain with a *MSL1* deletion exhibits attenuated virulence \[[@B24]\]. Interestingly, however, the *msl1*Δ mutant was found to enhance azole resistance, suggesting that a potential inhibitor of Msl1 or its related signaling components may have antagonistic effects with azole drugs. Using direct inhibitors of MSIL proteins as antifungal drugs is not likely to be a good approach because MSIL proteins are evolutionarily conserved throughout eukaryotes. Instead, however, fungal-specific regulators downstream of MSIL or the manipulation of specific interactions between the MSIL protein and its binding partner could be alternative therapeutic methods. For example, if there is an Rlf2/Cac1-like protein in the CAF-1 complex of *C. neoformans*, it could be quite divergent from its counterpart in yeast or humans.

Transcriptome analysis performed in *C. neoformans* uncovered several Msl1-regulated genes, which could potentially contribute to the virulence of the pathogen \[[@B24]\]. In line with a previous finding that the expression of some target genes of cAMP-signaling is not affected by *msi1* mutation in *S. cerevisiae* \[[@B44], [@B45]\], only a small number of genes (17 genes) are differentially regulated by *msl1* mutation in *C. neoformans*. This fact indicates that an MSIL protein alone may not be sufficient to negatively regulate the Ras/cAMP-signaling pathway at full scale. Interestingly, a significant portion of Msl1-regulated genes are stress-related, including Hsp12 (small heat shock proteins) and Hsp78 (an oligomeric mitochondrial matrix chaperone), further supporting the role of Msl1 in stress response and adaptation in *C. neoformans*. Because MSIL proteins appear to play physiological roles by interacting with other proteins, such as the CAF-1 components, pRB, Npr1, and Yak1 in yeast, Msl1-interacting proteins must be screened in *C. neoformans* and other pathogens. For example, an ortholog for one of the yeast Msi1-interacting kinases, Npr1, does not seem to be found in the *C. neoformans* genome, suggesting the possibility that novel MSIL-interacting proteins may exist in fungal pathogens.

CONCLUSION AND FUTURE RESEARCH DIRECTIONS
=========================================

MSIL proteins with WD40 repeats have pleiotropic roles as regulators of stress-signaling pathways such as Ras/cAMP and other pathways, as a component of the chromatin-assembly factor and as a developmental regulator in pathogenic and non-pathogenic model yeasts. In particular, in pathogenic fungi such as *C. neoformans*, MSIL proteins govern the production of virulence factors and *in vivo* virulence, suggesting that MSIL-related signaling pathways could be developed as novel antifungal drug targets. Despite their evolutionary conservation and multi-functionality, the functions of MSIL in other pathogenic yeasts and filamentous fungi, such as *Candida albicans*, *Candida glabrata*, and *Aspergillus fumigatus*, remain completely unknown. Therefore, the following questions need to be further addressed in future studies.

1\. Are such pleiotropic functions of MSIL proteins conserved in other ascomycete fungi, such as *S. pombe* and *Neurospora crassa*, similar to those in *S. cerevisiae*?

2\. How divergent among fungi is the chromatin assembly factor, functionally and structurally?

3\. Are Msi1-interacting proteins discovered in *S. cerevisiae*, such as the CAF-1 complex, Npr1, and Yak1, evolutionarily and functionally conserved in *C. neoformans* and other fungi?

4\. Is the role of MSIL proteins in virulence conserved in other pathogenic fungi?

5\. If MSIL proteins are conserved in other pathogenic fungi, are they functionally connected to the Ras and/or cAMP/PKA signaling pathways?

6\. Is the role of MSIL proteins in development and morphological differentiation conserved in filamentous fungi?

7\. Is the function of MSIL proteins in sensing and responding to non-fermentable carbon sources conserved in *C. neoformans* and other fungi?
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![The proposed roles of Msi1-like (MSIL) proteins in chromatin assembly and DNA damage repair. In *Saccharomyces cerevisiae*, two MSIL proteins, histone acetyltransferase 2 (Hat2) and Cac3/Msi1, are primarily involved in nucleosome assembly and chromatin assembly. As a component of the histone acetyltransferase B (HAT-B) complex, Hat2 assists Hat1, which binds to and acetylates newly synthesized histone H4. Then, the HAT-B complex transfers the histone H3/H4 tetramer into the nucleus. In the nucleus, the HAT-B complex forms a NuB4 complex, which delivers the H3/H4 tetramer to anti-silencing function 1 (Asf1) by interaction with the Hat1p-interacting factor 1 (Hif1) histone chaperone. The histone H3 in the delivered H3/H4 tetramer is acetylated by another nuclear histone, acetyltransferase Rtt109, associated with Asf1. As a histone chaperone, Cac3/Msi1 is the smallest subunit of the chromatin assembly factor 1 (CAF-1) complex, which additionally contains Cac1/Rlf2 (the largest subunit) and Cac2. CAF-1 is involved in chromatin assembly as a histone-deposition factor during DNA replication as well as DNA damage repair. The replication-coupled assembly factor (RCAF), composed of Asf1 and an acetylated tetramer of H3/H4, serves as a histone donor and also plays overlapping roles with CAF-1 in chromatin assembly during DNA replication. Histon regulatory (Hir) 1 and Hir2 are also histone-deposition factors, which act independently from DNA replication. Asf1 can interact with the Cac2 of CAF-1 and Hir1/2. CAF-1 assembles histone H3/H4 onto newly replicated DNA by targeting proliferating cell nuclear antigen. Two dimers of histones H2A and H2B are transferred by the nucleasome assembly protein 1 (Nap-1) which shuttles between the cytoplasm and the nucleus. Histone deacetylation by histone deacetylases (HDACs) facilitates aggregation of the nucleosome and results in chromatin assembly. This complex, compact structure of chromatin provides the basis for heterochromatin gene silencing at telomeric regions and mating type locus. When DNA damage occurs, such as double-strand DNA breaks, histones in the chromatin structure are dissociated and a series of DNA-repair signaling cascades, including Mec1, Rad53, Chk1, Pds1, Dun1, and Crt1, are activated to induce the expression of genes involved in DNA damage repair and to block the progression of cell-cycle. Notably, Asf1 physically interacts with Rad53 under normal conditions, and upon DNA damage, Asf1 and Rad53 phosphorylated by Mec1 are released, serving as a histone donor and activator of the DNA damage repair system, respectively. PCNA, proliferating cell nuclear antigen. For more detailed information, please refer to the following review \[[@B30]\].](mb-41-1-g001){#F1}

![The proposed roles of Msi1-like (MSIL) proteins as regulators of the nutrient- and stress-sensing signaling pathways in fungi. In *Saccharomyces cerevisiae*, Cac3/Msi1 likely acts downstream of protein kinase A (PKA) in the presence of functional Bcy1. In response to certain environmental cues (such as glucose addition), adenylyl cyclase (Cyr1/Cdc35) is activated by either activated GTP-bound Ras proteins or activated GTP-bound Gpa2 Ga subunit through the Gpr1 G-protein coupled receptor (GPCR) to produce cAMP, which is a secondary messenger. Synthesized cAMP either is degraded to AMP by phosphodiesterases (Pde1/2) as a negative feedback regulation or binds to the regulatory subunit (Bcy1) of PKA, which normally suppresses the activation of the catalytic subunits (Tpk1/2/3) of PKA. Released and activated Tpks, which have redundant and unique roles, phosphorylate or activate diverse target genes. Downstream of PKA, nitrogen permease reactivator 1 (Npr1) activates downstream effector proteins, mediating heat shock sensitivity or stabilization of nutrient transporters, which otherwise are degraded by ubiquitination. Cac3/Msi1 normally sequesters Npr1 and inhibits its activation. At this step, it is unclear how Bcy1 acts on the Cac3/Msi1 (depicted as dotted arrow). Activated PKA also phosphorylates and inhibits yet another kinase 1 (Yak1), which antagonizes the Ras/cAMP signaling, although the *YAK1* transcription itself is also activated by PKA, perhaps as an autoregulatory loop. Interestingly, Yak1 stabilizes the interaction between Cac1 and Cac3/Msi1 in the nucleus without affecting other CAF-1 interactions. Under non-fermentable carbon sources, Yak1 inhibits the nuclear localization of Cac3/Msi1 without phosphorylation, whereas Yak1 phosphorylates a nuclear-localized Bcy1 and facilitates its export to the cytoplasm. Conversely, Msi1 can also control Yak1. Overexpression of *YAK1* confers growth arrest only in the presence of Msi1. In *Cryptococcus neoformans*, however, the regulatory mechanism of the Msl1 MSIL protein in terms of the Ras and cAMP/PKA pathways is rather different from that in *S. cerevisiae*. First, the Ras signaling pathway is less functionally connected to the cAMP pathway and instead governs thermotolerance and other stress-related phenotypes by controlling an additional GTPase protein Cdc42 and a Cdc24 guanine nucleotide exchange factor protein. All of the Msl1-related phenotypes appear to be independent from the Ras-signaling pathways. Second, there is no evidence showing that Msl1 acts downstream of PKA in *C. neoformans*. In fact, the negative role of Msl1 in melanin and mating efficiency is abolished by the loss of Cac1, indicating that Msl1 may act on Cac1 or its upstream factors (depicted dotted lines). In *C. neoformans*, Yak1-like or Npr1-like kinases have not been identified or functionally characterized. Therefore, physical and functional relationships between Msl1 and other PKA downstream kinases remain to be elucidated in future studies (in gray symbols and dotted arrows). CAF-1, chromatin assembly factor 1. Zds1, zillion different screens 1.](mb-41-1-g002){#F2}

![The conserved WD40 repeat domains in pathogenic fungal Msi1-like (MSIL) proteins. The domain architecture of the MSIL proteins with the conserved WD40 repeats is shown by the multiple sequence alignment and sequence comparison of the MSIL proteins. Each fungal MSIL protein sequence was retrieved by protein blast search (blastp) using the *Saccharomyces cerevisiae* Msi1 protein sequence as the query in the NCBI database (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>) and *Phanerochaete chrysosporium* database JGI (<http://genome.jgi-psf.org/Phchr1/Phchr1.info.html>). The purple box is the complete conserved WD40 domain containing the WD, FD, or YD terminal dipeptide. The grey box is the WD40-like domain without the conserved terminal WD dipeptide. The pink box is the last WD40 domain that contains the conserved Trp or random amino acid (WX) as a terminal motif. aa, amino acids; WD, Trp-Asp; FD, Phe-Asp; YD, Tyr-Asp; Npr1, nitrogen permease reactivator 1; Yak1, yet another kinase 1; *S. cerevisiae*, *Saccharomyces cerevisiae*; *S. pombe*, *Schizosaccharomyces pombe*; *H. sapiens*, *Homo sapiens*; *A. clavatus*, *Aspergillus clavatus*; *A. fumigatus*, *Aspergillus fumigatus*; *A. terreus*, *Aspergillus terreus*; *C. albicans*, *Candida albicans*; *C. glabrate*, *Candida glabrate*; *C. lusitaniae*, *Candida lusitaniae*; *C. immitis*, *Coccidiodes immitis*; *C. neoformans*, *Cryptococcus neoformans*; *E. cuniculi*, *Encephalitozoon cuniculi*; *A. gossypii*, *Ashbya gossypii*; *C. gloeospiriodes*, *Colletotrichum gloeospiriods*; *G. graminicola*, *Glomerella graminicola*; *G. zeae*, *Gibberella zeae*; *M. oryzae*, *Mangnaporthe oryzae*; *P. chrysospotium*, *Phanerochaete chrysosporium*; *S. sclerotiorum*, *Sclerotinia sclerotiorum*; *U. maydis*, *Ustilago maydis*; *Z. tritici*, *Zymoseptoria tritici*.](mb-41-1-g003){#F3}
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